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+ Treatment;l of theoretical uncertainties assouated with hadronic
N mteractlor}s during the QCD epoch

+ Determ |/1at|on of upper limits on the fraction f 0
| form,Of sterile neutrinos. :

+ Suminary
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Neutrlnos and the

[hererare many candidates for dark matter (e.g. SUSY particles, Long-
|llIvedinadro |caIIy_decay|ng particles, Compact Composite ObJects)

iLhetonly conf/rmed particle candidate is the SM neutrino (c
from thermal ‘background at ~1 MeV). la

+RHowe ver measurements of the power spectra of the dlstrlbut'on of

galaXies and CMB anisotropies yield the stringent constralnt
O¥h2<0 0067 &

[Rdeper den ‘measurements of flavour oscillations of (EYgRSNO),
Atmospheric (e g. Super-K) and Reactor-based neutrmos ((@ (9]
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,_mw What are Sterile Neutrinos?

XS(2)xU(1) gauge singlet (Pontecorvo, 1967) \

“?1@31@“’ sinteracts only via weak mixing with “active®v s{cates
vMSM (SM+3 sterile v) may explain m,~eV, BZ0 and daxk\matter
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LUMSM = LSM + lNI(la‘u)/‘“)Nl —(LaMOIC)INI + EMININI)-I- h.C.“
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Unlike See-saw mechanism, small Yukawa coupllngs For,
(MPEI=F, I<H>) give rise to small m, to explain thelr @gg]]m?m,m

4 Q‘ﬁiﬁﬂi ol also crucial for baryogenesis and to assure
gje ac uaI origin of F,;, and hence M;, are unknown

poner;tlally suppressed F,;originate in theorles @’?@xﬁ?@
i ensions: E

erife v Have a variety of production me



b Vs Production Mechanisms
s*Non- résonant oscillations

<

+*Generated through va-vs Oscillations involving off- dlago ai elements
OfMIXINgTmatrix, predominantly at Tmax. ~133(m5/1keV§I1/31MeV

mall mixing angles ensure non-equilibrium = low denS|t|es
Don‘trequire L=0

!
|mplest model: Dodelson-Widrow (DW) mechanlsm
+ Staridard thermal history i
gelNloradditional couplings

+3Pro uces minimal relic density (few exceptlons see below)

Alter natlves to DW mechanism k
+ E t opy Dilution - massive particle decay foIIowmg neutrinofproddction

A Additional Couplings (e.g. to SUSY particles, InflatonAEIGgSESIAGIEE
+ Low|Tr cosmologies - production suppressed for TF§< Ve

Favours low energy neutrinos = ‘Cool’
+Limit§ from free-streaming effects




S _] Decay modes

Pominantdecay to 3 active neutrinos (vs — 3v.)

rger et al.,
al & Wolfenstein)
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tc'm Energy Ey=(ms2-mz2)/2m.=ms/2 for ms>;
n|75~1kev = X-rays A
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I (and}later, fs ) for keV SN DM
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Motlvatlons for keVV SN DM \

\

Resolution to |nconS|stenC|es from ACDM halo S|mulat|ons \\\

+ Overpl!oductlon of small scale matter structures in galaxy dlstrlbutlon
+ Central cores in low-mass galaxies (Dalcanton & Hogan) ‘ e
+ Overpopulatlon of small-scale satellites (Kauffman et al., KIypln et aI )

BREONtribution to unresolved diffuse X-ray background (Abaza ian @@L»

gacilitates HI production/star formation = Early: Relonls on.
(Mapelli etial., Biermann & Kusenko) |

Pulsary k ck” velocities (Kusenko & Segre, Fuller et

R n\ ation of Supernova shockwaves (Hidaka and Eallen)
t

F ma |%)r of early SMBH (10°Me at z=6.5) (Munyan A BIermann

|

"+—Bar yon-asymmetry—(Asaka)




SEXperimental constraints on ms and S|n2(205)
4+ X- rays (Clusters dSphs, MW, Galaxies, XRB)




EXperimental constraints on ms and 'sin?(2vs)

.
) small-scale matter perturbations where SN are, significar
"at high-z before non-linear growth erases free-streaming effects
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an, astro-ph/0511630) (Seljak et al.,



delson-Widrow SN DM still pern

Milky Way Constraints
from y-ray line search

Lyman-a Limits
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Sectral AnaIyS|s of HEAO-1 XRB data

H FEit HEAO-1" data to a prescribed power-law model (Gruber et al.)

—I'xgp +1

Gruber
Gruber __ d F
@r = = Cxrp €XP| -

dQdE

E E

60 keV

ST cm‘ s‘

XRB

((C LUch ajspectrum could potentially be generated by. a pop Iatlon
offobscured AGN)

1 :
+Add ”and extragalactic (EG) contributions fromiSNIDMEGOE

givensnis); correcting for finite energy resolutlon of HEAQSM

(AE/E¢-0.25)

+ |Vary C}q} , Ixre, I'xre @nd sin?(26s) until 2 Worsens bYFAYS
corresponding to a 30 C.L.

ine sin?(26s) for all ms within range of data
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BShectial Analysis of HEAO-1 XRB data
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Boyarsky et al., astro-ph/0512509



BEG and MW flux from SN.DM

dlfferentlal energy flux
szEEG f FJ/ dmpc
dQ2dE dam_ H({m, /2E} 1)

+ Flat, A-matter dominated Universe (Qqm~ 0.21)

".'(pE

N “4.

W kh.,
H(z) =~ H\/Q +Q (1+2)°, (Q. =026, Q, ~0.74,H, ~73kms Mpc)

ierential energy flux from MW
. dZFEMW

(x,¢)dx =

dm

— 14
dQdE " dam

Sdm(¢)
0.0lgcem’

2) ~ 1 for typical profiles (away from GC)
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y constraints from HE/

- Extre Gelectic (EG)
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For fs<1 we expect a “rigid” shift in constraints to larger sin?(26s) by 1/fs

\

BXEray. constraints on ms and Sinz(ZﬁS)
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1—‘s X fs m, Sin2 (2s)
i "’ = o ;:l




“" constralnts on ms and sin?(29;) (f5< 1)
‘1

=1) from limiting suppression of P(k) for k> 1 Apc1

NoS -pproprlate to run a grid of hydrodynamical |muIation
WDM+CDM and relate Ly-a power spectrum to parameters.

ye can obtain reliable constraints by “rescaling” fs=11r¢

Su
ewis et al.), we grow perturbations in - 5\
(1-f;) scenario usmg a SN rellc abundance g
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Po(k) = [ Pu(k)kdk




AEVEaEconstraints on ms and sin2(2ﬁ5\)_ (fs<1)

SO - I

Power suppression at k

= 2h/Mpc

P(ks,fs)~(1-0.23)Pcpm(kr fs=1)
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=i S Theoretical uncertainties
\

+=SNiwhich are 6n-rgsonantly produced have a relic abundance (Asakéi\etal.)
*(sin?(29) \\

QK> =0.275 F(m ,ﬁ“”"“)( e ) =
IkeV 10

ACCO ntlng for hadronic uncertainties during QCD epoch, best-fit reI t|on
*Xii" fs, ms and sin?(26s) is g

RUSRIRGRalIRErrors in the same direction, one either obtainsithesminimal
sin’(29,)
107

min. ms
'l') loglo(fs ) =-0.07+1.74 logm(@) + loglo(

...or the maximal abundances

m, sin® Zﬁs)
V) + loglo(lo—_7

+ We|consgrvatively consider these extreme cases to re "u_sent a 20 Cil

log,,(f,™)=0.62+1.74 logm(
lke




| Experim 'e.ntal constraints & Theoretical predit

DW SN DM permitted for fs=0.2
(2.5<ms/1keV<16, 10-10<sin?(26s)<2.5x109)




";;'G(Dn-létaints on the DW scenal‘iQ“(ZG)

+ Plot cor:spp;nding points (A,B), (C,D) and (E,F) for all fs\"<1\ |
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Jlheoretical uncertainties (Quantitative treatment)

',‘!

\/ary fsaround fSaV given by best-fit formula.

|
/,X{[g}‘ig normal distribution of logio(fs) with a s.d. equal to. half
the excur5|on determined by extreme formulae. ,,

+2This corresponds to adding a penalty factor n to the tota/ ‘

X Xx ray (sin” 20, ,m,f)+ XLy Jm,f)+ n(sm (Zﬁs,ms,f)

'!w{

10g10(fs)—10gm(ffv'))
A loglo(fs) _

loglo(fs) = O-S[IOglo(fsmaX') - logm(fsav')] (f, >‘ )
Alog,(f,) =0.5]log,(f") - log, (f™)] (f, < /")

n(sin’ QY m., f.) =




scenario

~_, Constraints on DW pcrometers

0

= (fs)max.=0.7 (20), (fs)max.=1 (~30)



B/ Summary & Conclusions

\

- Recent G@:LII@ disfavour keVV dominant sterile neutrino dark
matter produced via the Dodelson-Widrow mechanism:.

- , ;w“l-
MERE(aXing the presumption that Qs=Q4m, we have shown h w X-ray
aRAREYV=cr constraints can be re-interpreted for Qs_<£2dm t'*

sREaRavesshown how current data provides a coserva R@ upper
Potindgonithe fraction f; of DW SN DM, and I|m|ts srand

gli){@g,)) for a given ~0.1<fs< (fs)max.

Wev,obtained the limits fs<~0.7 (20), with fs=1 réject Ati50

|

’More sep§||t|ve-X-ray_observatlons,-a better understandingROREne
9 sys|t'em>a;c|cs in Ly-o. measurements and a reductionfinithe
theorgtlcal uncertainties all have a crucial roléiin vingfour

/
resu,lts.
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